ABSTRACT In 12 conscious dogs, a three-dimensional array of pulse-transit ultrasonic transducers was used to measure left ventricular anterior-posterior minor, septal-free wall minor, and basal-apical major diameters. Matched micromanometers measured left ventricular, right ventricular, and intrapleural pressures. Electromagnetic ascending aortic blood flow and right ventricular transverse diameter were measured in five of the dogs. A major cause of the inspiratory decline in stroke volume in this preparation appeared to be reflex tachycardia and autonomic changes associated with inspiration. However, when heart rate was controlled by atrial pacing or pharmacologic autonomic attenuation (propranolol and atropine), stroke 
THE EFFECTS of respiratory movement on cardiovascular function are numerous and have been the subject of several extensive monographs.' Systematic investigation into these effects dates back to 1751 when Albrecht von Haller noted an inspiratory augmentation in venous return to the right ventricle of the dog and cat.3 Eighteen years earlier Stephen Hales reported his famous series of experiments in the horse and may have been the first to record the inspiratory fall in arterial blood pressure.4 Although Hales did not make the association between inspiration and the periodic fall in the oscillatory pulse pressure of the carotid artery, numerous subsequent investigators have con-firmed this phenomenon and have documented an inspiratory decline in left ventricular stroke volume in both experimental animals5-" and man. '2-14 Several hypotheses have been advanced to explain the inspiratory fall in left ventricular stroke volume, including (1) 20 The present studies were undertaken to investigate the relative importance of these phenomena during spontaneous respiration in a conscious canine preparation.
Methods
Instrumentation and acquisition of data. Twelve healthy adult mongrel dogs (20 to 32 kg) underwent surgical preparation LABORATORY INVESTIGATION-VENTRICULAR PERFORMANCE for subsequent studies in the conscious state. The method of implantation of instrumentation has been described previously. 21 Briefly, in all dogs an array of pulse-transit ultrasonic dimension transducers was used to measure three orthogonal left ventricular dimensions: the anterior-posterior minor, septal-free wall minor, and basal-apical major diameters. All transducers, except the one in the septal position, which was positioned near the right ventricular subendocardial surface, were placed epicardially. Silicone rubber introducers were implanted in the right ventricle, left atrium, and intrapleural space of each dog, as were bipolar atrial pacing electrodes. In five dogs, right ventricular septal-free wall transverse diameter and electromagnetic ascending aortic blood flow were measured as well ( figure  1 top left) .
Seven to 14 days after recovery from the implantation procedure, each dog was studied in the conscious state while resting quietly on its right side. The dimension transducers were coupled directly to a custom-designed sonomicrometer.21 Prewarmed matched micromanometers (PC-350, Millar Instruments, Houston) were passed via the introducers into the mid left and right ventricles and pleural space. Airtight introducer connectors prevented ventricular hemorrhage and pneumothorax. The aortic flow probes were coupled to a sine-wave flowmeter (Statham, M4001, Los Angeles). The performance characteristics of these instruments have been described previously.22 25 Cardiac dimensions, pressures, and aortic blood flow were recorded on magnetic tape for subsequent digital analysis. Data were recorded in each experiment during normal spontaneous respiration and deep spontaneous respiration against inspiratory inflow resistance through a gauze sponge. Heart rate was controlled by atrial pacing at 10 min-l higher than the fastest heart rate observed during the respiratory cycle. In six dogs, after completion of initial studies, the autonomic nervous system was pharmacologically attenuated with intravenous propranolol (1 mg kg-1) and atropine (2 mg). Data were collected again during normal and deep spontaneous respirations.
At the conclusion of all studies, the animals were killed, their hearts were excised, and the volume of the left ventricular muscle mass was calculated as the average of three volume displacements of water in a graduated cylinder.
Data analysis. The recorded analog data were filtered once at 50 Hz and digitized at 200 Hz for analysis. Left ventricular transmural pressure was calculated as left ventricular intracavitary pressure minus simultaneous intrapleural pressure. Right ventricular transmural pressure was determined similarly, and interventricular transseptal pressure was computed as left ventricular intracavitary pressure minus right ventricular intracavitary pressure. The first derivative of left ventricular transmural pressure (dP/dt) was calculated from the digitized ventricular pressure waveform with use of a five-point polyorthogonal approximation.25 Measurements of left ventricular dimension were modeled by a double hemiellipsoidal geometry as described previously.2' External left ventricular volume was calculated as the sum of the two ellipsoidal segments inscribed by ASPA and AFPA from figure 1, top right. Calculation of external left ventricular volume yielded results mathematically equivalent to the formula for a general ellipsoid, (ff/6) a b c. where a is the major diameter, b is the anterior-posterior minor diameter, and c is the septal-free wall minor diameter. Postmortem left ventricular wall volume was subtracted from external left ventricular volume to yield intracavitary left ventricular chamber volume. Aortic blood flow was either measured or derived from the inverted first derivative of left ventricular chamber volume (-dVI/dt). Geometric deformation of the left ventricle was determined including the latitudinal septal and free wall radii of curvature, as well as septal displacement, and regional left ventricular septal and free wall tensions were calculated according to the Laplace relationship, as described previously.2'
Comparisons were made between end-diastolic dimensions, chamber volume, regional wall tensions, and measured and calculated pressures at end-expiration and peak inspiration for both normal and deep respirations by an analysis of variance. Similar comparisons were made for end-ejection dimension and volume data from the same cardiac cycles during which enddiastolic data were obtained. In an analogous fashion, peak ejection pressure, aortic blood flow, and calculated tension data were compared at end-expiration and peak inspiration. Linear regression analysis was used to determine the relationship between left ventricular pressures, intrapleural pressures, left ventricular end-diastolic volume, peak aortic blood flow, and left ventricular stroke volumes throughout the respiratory cycle.
Unless otherwise specified, all reported data were obtained during control of heart rate by atrial pacing. The pattern and direction of the changes in dimension, pressure, and flow observed during normal spontaneous respirations were qualitatively similar to those recorded during deep spontaneous respiration. The magnitude of peak inspiratory change during deep respiration was proportionally greater than that observed during normal spontaneous respiration (p < .01 by analysis of variance). Similarly, the results obtained during autonomic attenuation with propranolol and atropine were no different than those obtained during atrial pacing.
Discussion
The model of left ventricular geometry we used requires certain assumptions about cardiac shape in order LABORATORY INVESTIGATION-VENTRICULAR PERFORMANCE {54.11 ±+4.14 diameters measured in the current study, upon which assumptions about left ventricular shape were based, corresponded closely to the three principal axes (directions) of deformation derived from the eigenvector analysis of left ventricular geometry in an intact dog preparation by Walley et al. 26 The deformations in these principal axes were similar in magnitude and direction to those observed in the present model.2'
The interventricular septum was shifted leftward during diastole by the inspiratory augmentation in venous return to the right ventricle (table 2) volumes (in some dogs volume increased slightly while in others it decreased minimally). Similar results have recently been observed on radionuclide ventriculograms from healthy human subjects during deep inspirations against resistance. 33 The inspiratory decrease in left ventricular end-diastolic volume has been thought to result from increased pooling of blood in the lungs'7 or delayed pulmonary transit time of blood.7 34 Both would cause a decrease in left ventricular end-diastolic volume (preload) and account for the subsequent fall in left ventricular stroke shortening and peak aortic blood flow that is so apparent in figure 3 . Increases in heart rate alone can cause a fall in left ventricular end-diastolic and stroke volumes.22 30 However, when heart rate was kept constant by atrial pacing or by pharmacologic autonomic attenuation, as demonstrated in figures 3 and 4 , the left ventricular end-diastolic volume remained relatively unchanged, suggesting that under these conditions, increased venous pooling in the lungs or delayed pulmonary transit time was insufficient to prevent adequate left ventricular filling and played only a minor physiologic role.
In addition, leftward shifting of the interventricular septum did not seem to significantly inhibit left ventricular filling when heart rate was kept constant. This is graphically apparent in figure 3 . During the prolonged second inspiration, the interventricular septum initially was shifted leftward (reduced minor-axis septal-free wall diameter), with augmented venous return to the right ventricle (increased right ventricular transverse diameter). As inspiration progressed, augmented venous return became less apparent and the septum shifted back to the right, presumably as left ventricular end-diastolic volume increased due to delayed return of the increased pulmonary pooling of blood. Aortic blood flow, however, continued to decrease apparently independent of these events. Similar changes in left ventricular end-diastolic volume and aortic blood flow were observed in several dogs during prolonged deep inspirations.
Another proposed hypothesis has been that leftward shifting of the interventricular septum during inspiration alters ventricular geometry and increases the geometric component of left ventricular afterload.'8 '9 Flattening of the interventricular septum might increase the septal radius of curvature, augment septal wall tension, and impede left ventricular stroke volume during ejection. Although the present studies demonstrated an inspiratory leftward shifting of the septum with altered diastolic geometry that persisted into systole, the increase in septal radius of curvature was small and was outweighed by the larger fall in the transseptal pressure gradient (table 1) . Thus, left ventricular septal wall tension actually decreased during inspiration (table 3) , and the augmentation in the geometric component of left ventricular afterload from septal shifting did not occur.
Yet another proposed hypothesis is that the inspiratory decline in pleural pressure increased left ventricular transmural pressure (left ventricular intracavitary pressure minus pleural pressure), causing a fall in stroke volume. 6 19 Clinically, an exaggeration of the normal inspiratory decline in left ventricular stroke volume may result in pulsus paradoxus, the absence of a peripheral pulse despite the presence of a cardiac contraction. 38 
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Conditions that accentuate the swings in pleural pressure (such as asthma, pulmonary embolism, or pulmonary edema), and conditions that increase the interactive coupling between the right and left ventricles (such as cardiac tamponade or acute right heart failure) may result in either pulsus paradoxus or an increased widening of the inspiratory fall in peak systemic blood pressure. Conversely, the marked increases in the pleural pressure that occur with coughing may produce reversed pulsus paradoxus, the presence of a peripheral pulse in the absence of a cardiac contraction.39 '40 Conditions that elevate the intrathoracic pressure, such as positive pressure ventilation, Valsalva maneuver, or coughing, augment left ventricular stroke volume as well as forward flow of blood from the thoracic aorta via a thoracic pump mechanism.40 Factors elevating pleural pressure augment left ventricular pressure and favor left ventricular ejection, while conditions reducing pleural pressure lower the effective left ventricular ejection pressure and impede left ventricular stroke volume. In this regard, deep inspiration may be referred to as a reverse thoracic pump mechanism.
Thus, a hypothesis is proposed that is consistent with, as well as an extension of, the thoracic pump mechanism to explain the long-observed differential effects of inspiration on true three-dimensional position of each transducer determined by the chord measurements was compared with the assumed position of these transducers based on the double hemiellipsoidal model (figure 1). The difference in volume calculated from the assumed model and that computed from the actual position based on a three-point derivation of an ellipsoidal segment was minimal (0.9 to 1.8 ml) and accounted for less than a 3% difference in corresponding calculated chamber volumes.
In four studies, in which the hearts were excised with the ultrasonic dimension transducers still in place and before determination of left ventricular wall volume displacement, both atria, the tricuspid and mitral valves, and chordae tendineae were removed. The semilunar valve orifices were individually sutured closed, compliant balloons attached to Lucite disks were introduced into each ventricle, and the sewing rings of the disks were sutured to the anuli of the tricuspid and mitral valves. The excised heart was then suspended in a water bath and left ventricular balloon volumes were varied over a wide range at various right ventricular balloon volumes while recording left and right ventricular ultrasonic dimensions. At various levels of right ventricular balloon volume ranging from 0 to 60 ml, the correlation between the absolute measured and calculated left ventricular chamber volumes was excellent, and the line of regression was very near the line of identity, despite marked differences in relative septal position ( figure 10, A) . In a similar fashion, right ventricular transverse diameter was linearly related to right ventricular cavitary balloon volume ( figure 10, B) .
These data, coupled with those published previously,2' indicate the validity of the current model in accurately assessing left ventricular volume and geometry.
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